The aim of the present work was check the feasibility of thin film composite (TFC) polyamide NF500 nanofiltration (NF) membrane for simultaneous removal of hexavalent chromium [Cr(VI)] and fluoride from a synthetically prepared binary solution. The characterizations of the membrane were made with techniques like Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM). The study of simultaneous removal of Cr(VI) and fluoride ions at different parameters such as feed concentration, pressure and pH. Evaluation of mass transfer coefficient (MTC) and membrane transport parameters (MTPs) using the combined film theory-Spiegler-Kedem (CFSK) model. The estimated parameters are used to predict membrane performance for simultaneous removal of Cr(VI) and fluoride. Experimental results and model predicted results that show good correlations.
Introduction
Recently application of the nanofiltration (NF) has been enhanced in the field of desalination, chemical, biotech, petrochemical industries as the NF process overcomes operational difficulties that are related with conventional processes. Many studies are reported on heavy metals and metals ions removal by NF (1) (2) (3) (4) . Industries like leather, dye, electroplating, textiles and the discharge of such industries use chromium salts and produce high levels of chromium in different forms (trivalent and hexavalent chromium) in their waste stream (5) . Generally hexavalent chromium [Cr(VI)] is more toxic than trivalent chromium [Cr(III)]. It is harmful and effects the skin, kidneys, respiratory tract and develops genetic deformation by DNA destruction (6) . Thus there is need to remove such highly toxic ions before discharge to the environment. Various technologies are reported for the elimination of Cr(VI) from water such as precipitation (7), ion-exchange (8) , adsorption (9-11) and membrane-based separation (12) (13) (14) . On the other hand, fluoride has also been found in the wastewater discharge of metal processing, glass manufacturing, semiconductor and fertilizer industries (15) (16) (17) (18) (19) . Fluoride concentration range 0.5-1.5 mg/l in water is useful for human health up to a limit but concentrations beyond 1.5 mg/l creates problems like dental/skeletal fluorosis, neurotransmitters, fetal cerebral function and many other illnesses (20) (21) (22) . Different techniques were reported for the elimination of fluoride such as precipitation (23) , ion exchange (24) , electrodialysis (25) , adsorption (26) (27) (28) (29) and membrane separation (30, 31) . In semiconductor industries mainly in wafer manufacturing numerous types of chemicals are applied (32, 33) . Fluoride, heavy metals, toxic solvent different salts and chelating agents may be found in wastewater discharge of the semiconductor manufacturing industry (33) . Wafer surface etching processes produce some waste-like chromic acids, sulfuric, hydrochloric, phosphoric, nitric, hydrofluoric and chromic acids. Mainly HF/chromic acid are used in Secco and Yang etching processes (34, 35) . Thus, the fluoride and Cr(VI)-like toxic ions are found in semiconductor effluents (36, 37) . Thus simultaneous elimination of Cr(VI) and fluoride is necessary from wastewater. The aim of the current work is to study characterizations of NF500 membranes by Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and atomic force microscopy (ARM). Also to investigate the effect of various parameter such as pressure, feed concentration and pH of feed on simultaneous removal of Cr(VI) and fluoride from binary aqueous solutions by NF500 membrane. Evaluation of mass transfer coefficient (MTC) and membrane transport parameters (MTPs) are done using the combined film theory-Spiegler-Kedem (CFSK) model.
Materials and method

Chemicals and membranes
All the solutions are prepared with deionized (DI) water. The feed solution of Cr(VI) and fluoride was prepared with the required amounts of potassium dichromate (K 2 Cr 2 O 7 ) (SDFCL, Mumbai, India) and sodium fluoride (NaF) (SDFCL, Mumbai, India) in DI water. A commercial NF500 membrane was procured from Permionics Membranes Pvt. Ltd. (Vadodara, India). Specifications of membrane are MWCO (500 Da), pH range (2-11), maximum temperature (40°C).
Experimental
The Perma ® membrane system (Permionics Membranes Pvt. Ltd., Vadodara, India) was used for the experiment. Experiments were carried with a flat sheet membrane module having two housing plates for flat sheet membranes. The top plate was for flow channels and the bottom was used as a support with permeate passage. The schematic of the experimental set up is shown in Figure 1 . A binary mixture of Cr(VI) and fluoride was treated with commercial NF500 NF membrane in a cross flow batch circulation mode. The effective surface area of the membrane was 25 cm 2 . Initially the experiment setup was run for 1-2 h at 10 bar pressure with DI water for stabilization of membrane. The feed concentration of the binary solution of Cr(VI) and fluoride was maintained constant by continuous recycling outlets streams to the feed tank. The experiments were carried out with different pressure from 2 bar to 10 bar with various concentrations of feed solution ranging from 5 ppm to 100 ppm Cr(VI) and fluoride. The permeate flux ( J v , L/m 2 h) and the percent rejection of solute (%R o ) were measured. Calculation of the percent rejection of solute was carried out by using Eq. [1] .
where C p and C f signify the solute concentration in permeates and feed, respectively. After each set of experiments, the set up was cleaned with DI water for 20-30 min at a pressure of 2 bar to gain the pure water permeability then next experiment was stared.
Characterization and analysis
Analysis of Cr(VI) and fluoride were carried out according to the standard diphenylcarbazide method (38) using a UV spectrophotometer (Hach DR-5000, HACH Co., USA). Fluoride analysis was done by using ion chromatography (Metrohm Compact IC, Switzerland). Morphological, surface roughness and chemical composition of the NF500 membrane were carried out with SEM (FE-SEM Quanta 200 FEG, FEI Company, USA), atomic force microscopy (AFM) (NT-MDT, NTEGRA, Russia) and FTIR spectroscopy (Perkin Elmer spectrum GX range spectroscopy, USA).
MTPs and MTC estimation 3.1 Film theory
Concentration of solute increases near the surface of the membrane due to rejection of the solute by the membrane. Thus the concentration build-up at the interface of membrane -liquid is called the concentration polarization. The material balance for the solute in a differential element as per film theory and applicable boundary conditions gives (39):
Here C A1 , C A2 , C A3 , J V and k are the concentrations of solute in the feed, concentrations of solute in the boundary layer near the high-pressure side of the membrane, permeate concentrations of solute, permeate volume flux and MTC, respectively.
CFSK model
The CFSK model was the combined equation of the film theory and Spiegler-Kedem model (40) . The CFSK model is used to evaluate MTC and MTPs simultaneously for a reverse osmosis system, which can also be used for NF (41) (42) (43) .
The film theory equation can be arranged and written as
The nonlinear working equations of the SpieglerKedem model are as follows (39) (40) (41) (42) .
Eq. [3] can be rearrange in following form
By putting Eq. [9] in to Eq. [5] ,
This is the equation of the CFSK model and it is used for the simultaneous evaluation of the MTC (k) and MTPs (σ and P m ) by providing the data of R o and J v with the help of a nonlinear parameter estimation method at different 
Characterizations of membranes
FTIR
Chemical composition and vibration details of the NF500 NF membrane was done by FTIR analysis (see Figure 2) . A detailed description of the peaks in the FTIR graph are shown in Table 1 .
SEM
The morphological structures of NF500 are obtained by using SEM. Figure 3A asymmetric structure of the active layer of the polyamide polymeric material. The cross sectional view of the NF500 membrane clearly shows the composite of the three different layers of polymeric materials. The first layer is the polyamide polymer layer structure of that layer which has been shown at a higher magnification in Figure 3E , this is the active layer where the actual rejection of Cr(VI) and fluoride was done. The second layer and third layer consist of polysulfone and polyester, respectively.
AFM
Surface roughness and morphology was found with AFM. The two dimensional and three dimensional view of the surface of the NF500 membrane are clearly shown in Figure 4 . The root mean square (RMS) roughness and average roughness values of NF500 were 4.82375 nm and 3.82525 nm by using NT-MDT SPM Software (Nova 1.0.26.1424, NT-MDT, Russia) of the selected area 5 µm × 5 µm of the membrane surface.
Pressure and feed concentration effect on rejection
The pressure and feed concentration effect on rejection of Cr(VI) and fluoride are shown in Figure 5 . In the experiment the effect of the pressure study carried within a range of 2 bar to 10 bar and concentration of Cr(VI) and fluoride varies from 5 ppm to 100 ppm at a constant feed flow rate of 16 L/min. Figure 6 represent the effects pressure on the permeate flux of Cr(VI) and fluoride with the NF500 membrane. Figure 6 clearly shows that as the pressure increases then permeate flux linearly increases as represented by Eq. [6] which signifies that on the surface membrane, there is insignificant or no concentration polarization. The solvent flux was enhanced without corresponding enhancement in the solute flux at increasing pressure due to solute and solvent flux separation in the solutiondiffusion mechanism of NF membranes' transport mechanism (46) . So the flux of pure water increases while there is no change or it remains in a constant flux of solute [Cr (VI) and fluoride] at increasing pressure because of this permeate contains less concentration of Cr(VI) and fluoride. This proposes that the rejection of Cr(VI) and fluoride (solute) was enhanced with increasing pressure (see Figure 5 ). In size exclusion mechanism the pore size of the membrane and dimension of the solute play a significant part in finding the degree of separation. Negatively charged ions and a negatively charged membrane enhanced the Cr(VI) and fluoride rejection from binary solution due to the electrostatic charge repulsion mechanism.
pH effect on rejection
The pH effect on rejection of Cr(VI) and fluoride are mentioned in Figure 7 . In the pH effect study, pH varied from 2, 4, 6, 8 and 10 which are in the working range of NF500 and the effect of pH on percent rejection with different feed concentrations (5, 25 and ) due to Cr(VI) concentration and solution pH. From Figure 7 we conclude that less rejection was observed in acidic conditions at pH 2 which appears due to the Donnan effect for the negatively charged membrane to have minor rejection to the monovalent anion HCrO 4 − . When the pH was set to 7 some of HCrO 4 − anions converted in to CrO 4 2− and removal of was increased. When pH was adjusted to 8 and above, maximum rejection was observed. In case of fluoride the same trend has been found. Less rejection was found at pH 2 and higher rejection was observed at pH 8 and above. A similar effect of pH on the rejection of fluoride by the NF membrane was found in earlier reported studies (31, 47, 48) . Hence, we can conclude that the NF500 membranes can work efficiently in the removal of Cr(VI) and fluoride when pH is adjusted above 8.0.
Investigation of MTPs and MTC
The MTC (k) and MTPs (σ and P m ) are simultaneously evaluated by using the CFSK model (with the help of the nonlinear parameter evaluation process) with given data of R o and J v at different pressures and constant feed rate by keeping the constant feed concentration. The MTC and MTPs of the NF500 membrane are shown in Table 2 where solute permeability P m and reflection coefficient σ are dependent on the feed concentration. σ slightly decreases due to the reduction in solute rejection and P m increases with feed concentration due to the high amount of solute passing through the membrane. The same kind of trend for NF membranes was observed by Murthy and co-workers (41, 42) . The values of k shown in Table 2 are then used in Eq. [5] along with the previous data R o and J v to determine the true rejection R. Simultaneous observed rejection of Cr(VI) and fluoride by the NF500 membrane are compared with the true rejection estimated by the CFSK model are shown in Figure 8 . Figure 8 indicates the good agreement for experimental rejection and true rejection for Cr(VI) and fluoride by the NF500 membrane.
Conclusion
The NF500 NF membrane was applied for simultaneous rejection of Cr(VI) and fluoride ions from a synthetic binary solution with the study of various parameters: feed concentration, applied pressure, feed pH. The study concluded that Cr(VI) and fluoride rejection was enhanced with increasing applied pressure and decreased with the increase in feed concentration of Cr(VI) and fluoride. The pH study significantly effected the rejection of Cr(VI) and fluoride ions. The highest rejection was observed at pH 8 and above. MTC and MTPs estimation was done by using the CFSK model. Good agreement was found in experimental results and model predict results for simultaneous removal of Cr(VI) and fluoride. 
